The control of the structure and position of magnetic domain walls is at the basis of the development of different magnetic devices and architectures. Several nanofabrication techniques have been proposed to geometrically confine and shape domain wall structures; however, a fine tuning of the position and micromagnetic configuration is hardly achieved, especially in continuous films. This work shows that, by controlling the unidirectional anisotropy of a continuous ferromagnetic film through exchange bias, domain walls whose spin arrangement is generally not favored by dipolar and exchange interactions can be created.
Introduction
Magnetic domain walls (DWs) have attracted great interest in recent years, both in fundamental studies [1] [2] and for their application as building blocks in different devices, such as magnetic logic circuits [3] , magnetic memories [4] or magnetic microfluidic platforms [5] . In such applications, the ability to control the DW configuration is fundamental. Several studies proposed to use nanofabrication techniques in order to geometrically control the domain wall width and shape [6] . Artificially induced defects are used as pinning sites [7] , [8] , while nanopatterned structures provide modification of the DWs configuration, size and dynamic properties [9] , [10] , [11] , [12] .
These latter approaches are based on the competition between exchange energy and magnetostatic energy, which influence the structure of the wall. However, in a continuous film or bulk material, the DW structure is predominantly ruled by materials parameters, making the DW engineering rather difficult. One solution is based on the oblique evaporation of ferromagnetic thin strips, which provide a control on the uniaxial magnetic anisotropy of the film and thus allows to manipulate the orientation of magnetic domains and domain walls [13] . Moreover, the film morphology influences the demagnetizing factor and thus the domain wall thickness and coercivity [14] . However, these methods in most cases do not allow a fine control on the domain wall position and spin configuration.
In the following, a different approach is proposed where, by spatially controlling the exchange bias [15] both in magnitude and direction, regions characterized by different unidirectional anisotropy are created within a continuous film. This allows a fine control on the position of the domain wall, which in the studied system generally nucleates at the regions boundary, and on the spatial profile of the spin orientation across the wall.
Exchange bias has been proposed to create DW pinning sites enabling the development of solid state magnetic memories [16] . Using crossed ferromagnetic and antiferromagnetic wires such that exchange bias can be introduced at the intersection, pinning field strength up to 37 Oe has been achieved.
Conversely, this paper proposes to exploit exchange bias in order to promote the nucleation of Néel domain walls in a thin continuous film. Micromagnetic simulations show that in a prototypal exchanged bias system, domain wall width in the 1 µm-150 nm range can be obtained at the boundary between two regions with opposite exchange bias field ranging from 50 to 300 Oe. [17] , [18] , [19] .
Moreover, by tuning the direction and strength of the exchange bias within the regions, different spin orientations, asymmetric spin profiles and controlled shifts of the domain wall can be achieved. The possibility to easily control domain wall properties such as width, spin structure and position paths the way to the design of novel domain wall-based magnetic devices.
Computational details
Micromagnetic simulations were performed using Object Oriented MicroMagnetic Framework (OOMMF) platform [20] . A 5 nm CoFeB layer was simulated, modeling the exchange bias as an external field. Any variation of exchange bias field caused by the reorientation of the antiferromagnetic moments due to the antiferromagnetic/ferromagnetic exchange coupling is neglected. Such an approximation is justified in polycrystalline exchange bias systems characterized by large antiferromagnetic uniaxial anisotropy (e.g.
(Fe 40 Co 40 B 20 /Ir 20 Mn 80 systems grown by magnetron sputtering) [21] . The studied structure is depicted in Fig.   1 : the simulated area was divided into two regions characterized by the same magneto-crystalline anisotropy, but by different directions and intensities of the exchange bias field, named H eb1 and H eb2 in both panels. An abrupt change of exchange bias field H eb at the interface between the two regions was considered.
This assumption is reasonable e.g. in polycrystalline exchanged bias systems, where the antiferromagnetic film presents non-interacting single domain grains [21] .
The parameters employed for the simulations were: cell size 10 nm x 10 nm x 5 nm, saturation magnetization In all simulations, the magnetization was initially set in saturation along the +y direction and +x direction for configuration A and B, respectively. The system was then let to relax in 0 applied magnetic field.
Starting from the equilibrium micromagnetic configuration, the spin angle θ(x) was calculated as:
Where M par (x) and M perp (x) represent the magnetization components oriented in the parallel and perpendicular direction with respect to the exchange bias direction (red arrows in Fig.1 ), respectively, as a function of the distance x from the center of the simulated area (see e.g. Fig.2a ).
The domain wall width was determined starting from the spin angle function and considering the following definition [24] , which is valid even in case of asymmetric and non-uniform variations of θ(x):
Results and discussion
The equilibrium micromagnetic configuration in remanence, i.e., when no external magnetic field is applied, was simulated for different values and orientations of the exchange bias fields H eb1 and H eb2 in the two regions of the sample. The red arrows in Fig. 1 show two different configurations for the exchange bias: in (a), the exchange bias H eb1 lies along the +x direction, while H eb2 along -x (conf. A); in (b), the exchange bias H eb1 lies along the +y direction, while H eb2 along -y (conf. B). The magnetization within each region (grey arrows in Fig.   1 ) results uniformly oriented along the exchange bias direction, giving rise to two well-defined ferromagnetic domains. In the proximity of the regions boundaries, the magnetization rotates from one configuration to the other, giving rise to a domain wall whose properties are determined by the interplay between exchange interaction, dipolar interaction, uniaxial anisotropy and exchange bias.
In Fig. 2 , the micromagnetic structure of the DW in conf. A is studied, as a function of the exchange bias field strength, with H eb1 = -H eb2 ranging from 50 Oe to 300 Oe. For better studying the influence of the exchange bias field on the DW structure, a 0 uniaxial anisotropy was considered in this simulation. Such condition can be experimentally obtained by employing ferromagnetic materials with a low magnetocrystalline anisotropy such as Permalloy (Py). In Fig. 2a the micromagnetic configuration of the structure is plotted as a function of the distance from the regions boundary ranging from -800 nm to +800 nm, for different exchange bias fields.
It can be observed that the magnetization (black arrows) lies along the +x direction for x<<0, rotates coherently in proximity of the region boundary (x=0) within the plane of the film, and finally lies along thex direction for x>>0, determining the so-called head-to-head Néel DW. The orange color saturation is proportional to M y , so that the domain wall region is easily identified. The domain wall is located exactly at the interface between the two exchange biased regions (dashed line in Fig. 1a) , due to the fact that the exchange bias field is symmetric, i.e., has the same absolute value in the two regions. It is clear that the spatial extension of the domain wall, in this configuration, is strongly dependent on the exchange bias field.
In particular, the DW width is lower for larger values of exchange bias, due to the fact that a large exchange bias field induces a stronger alignment of the magnetization along the -x/+x directions, shrinking the region where the magnetization is let to rotate.
In Fig. 2b , the normalized x and y components of the magnetization M x and M y , empty and filled symbols, respectively, are plotted as a function of x. It can be observed that M y is maximum and equal to 1 in correspondence of x=0, i.e., on the boundary of the exchange biased regions. Furthermore, in the same position, M x =0. This indicates that, for x=0, the magnetization is fully oriented along the DW. The spin orientation within the DW is further clarified in Fig.2c , where the spin angle is plotted as a function of x for different exchange bias fields. As already discussed in the previous section, the spin angle θ(x) is defined �. It can be observed that the spin angle varies continuously from -90° to +90° and is 0° at x=0. The steepness of the curve is directly related to the strength of the exchange bias field, so that larger exchange bias leads to a steeper transition.
It is worth noting that, from the energetic point of view, the presence of a head-to-head DW in a continuous film is usually unfavorable due to the strong demagnetizing field which arises in this configuration. Therefore, the particular geometry of the exchange bias in this case is crucial for nucleating the domain wall and determining its position, width and spin configuration. Fig. 3 shows the micromagnetic configuration of the domain wall in conf. B, i.e., when the exchange bias is oriented along +y and -y. No uniaxial anisotropy was considered. Contrarily to the former case, H eb lies parallel to the region boundary, and so does the magnetization within the two domains. In the regions boundary, the magnetization rotates coherently in the film plane, giving rise to a Néel wall. Fig.3a shows the micromagnetic configuration for exchange bias field ranging from 50 Oe to 300 Oe, and x from -420 nm to 420 nm. The color saturation is proportional to M x . For x=0, the magnetization lies along +x, i.e., is perpendicular to the DW, whereas, away from the boundary, the magnetization lies along the exchange bias direction. Fig.3b-c show M x , M y and θ as a function of x. The spin angle in this configuration is defined as
It is clear that for larger exchange bias field, the spatial profile of the spin rotation is steeper, leading to a narrower DW. However, it is worth noting that, with respect to the configuration shown in Fig.2 , the DW in this case is much narrower, and less influenced by the exchange bias field strength. In particular, as shown both in Fig 3a and Fig 3c, the spatial profile of the magnetization and the spin angle are only slightly affected by the exchange bias field. This is due to the fact that, in this configuration, the DW is already stabilized by the demagnetizing field, so that the exchange bias acts as a slight modulation of the ground state.
In Fig. 4a -b the combined effect of the exchange bias and uniaxial anisotropy is studied in conf. A and B, respectively. The DW width, calculated as stated in the introduction, is plotted as a function of the exchange bias field and K. The effect of the uniaxial anisotropy on the domain wall properties was studied by running the same set of simulations as the ones shown in Fig. 2 and Fig.3 , considering a uniaxial anisotropy constant . The DW width is reduced from 680 nm to 160 nm. When the uniaxial anisotropy is set perpendicularly to the exchange bias direction (red line), the DW width is larger (ranging from 1100 nm to 180 nm), due to the fact that the uniaxial anisotropy interaction tends to favor the alignment of the magnetization along y, inducing a more gradual spatial variation of the magnetization. On the contrary, when the uniaxial anisotropy is set along x (blue line), i.e., parallel to the exchange bias direction, it promotes a narrower domain wall, ranging from 500 nm to 180 nm. It is worth noting that the difference in the DW width due to the uniaxial anisotropy is significant only for low exchange bias fields. This is consistent with the fact that for larger exchange bias, the shape and properties of the DW are only slightly modified by the additional anisotropy term. Fig. 4b shows the results in the case of conf. B. In absence of uniaxial anisotropy (K=0), the domain wall width ranges from 470 nm to 145 nm. In analogy with the former case, for all the exchange bias values, the DW is narrower (from 360 nm to 145 nm) when the uniaxial anisotropy is set along the exchange bias direction (along y), and wider (from 690 nm to 160 nm) when the uniaxial anisotropy is set perpendicular to the exchange bias direction (along x). Furthermore, consistently with what observed in Fig.2 and Fig.3 , the effect of the anisotropy on the DW width is reduced with respect to the first configuration, due to the stabilizing effect of the demagnetizing field. Fig. 5 and Fig. 6 show the effect of the asymmetry of the exchange bias on the shape and width of the DW, in conf. A and B, respectively. In particular, for each configuration, the exchange bias field H eb1 was swept from 50 Oe to 300 Oe, while H eb2 was swept from -300 Oe to -50 Oe. No uniaxial anisotropy was considered in these simulations. This peculiar asymmetric configuration can be obtained experimentally by ion irradiation techniques, by modulating the ions dose for selectively destroying or weaken the exchange coupling between the antiferromagnetic and ferromagnetic layers and therefore the exchange bias [25] . Fig. 5a shows the spin structure of the DW in conf. A for different exchange bias field, as a function of x. It is clear that the asymmetry in the exchange bias reflects in a change in the DW shape and width. In particular, in the region with lower exchange bias, the spin rotation occurs over a larger distance. This leads to a shift of the DW towards the region with lower exchange bias, and to an asymmetry in the spin angle profile as shown in Fig. 5b . The inset of Fig.5b shows the DW width and shift x 0 , as a function of H eb1 . x 0 , defined as the distance of the DW center from the regions boundary, ranges from -100 nm to +100 nm, when H eb1 is swept from 50 Oe to 300 Oe and H eb2 from -300 Oe to -50 Oe. The DW width ranges from about +500 nm to -500 nm. Consistently with what observed before, the DW shape and width are less affected by the exchange bias asymmetry with respect to the former case. In particular, x 0 ranges from around -30 nm to 30 nm across the entire exchange bias field range, while the domain wall width ranges from about + 300 nm to -300 nm.
Conclusions
In this paper, micromagnetic simulations show that a fine tuning of the DW position, micromagnetic configuration and properties, such as width and spin rotation, can be achieved by spatially modulating the exchange bias across the sample, in a continuous film.
The spatial control of the exchange bias both in magnitude and in direction allows to create regions characterized by different unidirectional anisotropy. In the studied exchanged bias system, at the boundary between these regions, domain walls can nucleate, whose properties can be modulated by tuning the unidirectional and uniaxial anisotropies of the film.
Novel types of domain walls, which are not energetically favored by dipolar coupling and exchange interaction, can be envisaged, paving the way to the development of new domain wall-based magnetic devices and architectures.
